Hereditary sensory neuropathy type I is an autosomal dominant disorder that affects the sensory neurons. Three missense mutations in serine palmitoyltransferase long chain subunit 1 cause hereditary sensory neuropathy type I. The endoplasmic reticulum, where the serine palmitoyltransferase long chain subunit 1 protein resides, and mitochondria are both altered in hereditary sensory neuropathy type I mutant cells. Employing a transfected neuronal cell line (ND15), we have identified and confirmed altered protein expression levels of ubiquinol cytochrome C, Hypoxia Up regulated Protein 1, Chloride Intracellular Channel Protein 1, Ubiqutin-40s Ribosomal Protein S27a, and Coactosin. Additionally, further 14 new proteins that exhibited altered expression within V144D, C133W and C133Y mutants were identified. These data have shown that mutations in SPTLC1 alter the expression of a set of proteins that may help to establish a causal link between the mitochondria and ER and the "dying back" process of dorsal root ganglion neurons that occurs in HSN-I.
frame of serine palmitoyltransferase (SPT) long chain subunit 1 (SPTLC1) [1] , causing amino acid substitutions from cysteine to tryptophan at position 133 (C133W), cysteine to tyrosine at position 133 (C133Y) or valine to aspartate at position 144 (V144D) [1] .
SPT is an Endoplasmic Reticulum (ER) bound and a key rate-determining enzyme in the complex sphingolipid metabolic pathway [2] . HSN-I is characterised by degeneration in the Dorsal Root Ganglion (DRG) and presents with clinical onset between the second or third decades of life [2] [3] [4] [5] .
In previous studies, we investigated altered protein profile changes in the mitochondria and ER of HSN-I patient cells (SPTLC1 V144D mutation) [6] [7] [8] . Changes in protein expression were identified in both the isolated mitochondria and ER subcellular fractions. Ubiquinol cytochrome C was most notably altered in expression within the mitochondria of the HSN-I patient cells. Within the ER fractions, Hypoxia up regulated Protein 1 (ORP-150), Chloride Intracellular Channel Protein 1 (CLIC1), Ubiqutin-40s
Ribosomal Protein S27a (RPS27a), and Coactosin (COTL1) protein expression were increased in the HSN-I patient cells (SPTLC1 V144D mutation). In addition to these findings, further 36 proteins were identified from both the mitochondria and ER of HSN-I patients' cells by using top-down proteomic analyses [6] [7] [8] . Of these 36 proteins, the observed alterations were in proteins related to oxidative stress and cytoskeleton.
Based on these earlier findings, this investigation employed ND15 cell line (hybrid of rat dorsal root ganglion neuron and a mouse neuroblastoma) which had been transiently transfected (TT) to overexpress the three SPTLC1 missense mutations: V144D, C133W and C133Y. The data obtained from this ND15 neuronal cell model confirmed previous results from the HSN-I patient lymphoblast, while notably identifying changes exhibited in the C133W and C133Y mutations. We have also identified an additional 14 proteins that are altered in abundance within the transfected ND15 cells. Together these findings offer a greater insight into the molecular mechanisms occurring in the three known mutations causing HSN-I.
Materials and Methods

ND15 Cell Culture
All cell culture stock solutions, including DMEM, Foetal Bovine Serum (FBS), Penicillin (100 U/mL), Streptomycin (100 µg/mL), L-glutamine (2 M), NEAA (1 M), and phosphate buffered saline (PBS) were purchased from GIBCO Invitrogen (Australia).
Cell culture consumables were purchased from BD Falcon (Greiner, USA). ORP-150, CLIC1, RPS27a, Calnexin, ubiquinol cytochrome C, MTCO2, and GAPDH primary antibodies were purchased from Abcam (USA); SPTLC1 primary antibody was purchased from Santa Cruz Biotechnology (USA). COTL1 primary antibody was purchased from Protein SciTech (USA). Kif2A and GFP primary antibodies were purchased from Merck Millipore (USA). Secondary horse radish peroxidase (HRP) mouse antibodies and DAPI stains were purchased from Sigma-Aldrich (Australia). ND15 cell lines were cultured in DMEM media, supplemented with FBS (10% v/v), Penicillin (1 U/mL), Streptomycin (1 µg/mL), L-glutamine (2 mM), and NEAA (1 mM) at 37˚C in a humidified atmosphere of 5% CO 2 , in T75 cm 2 culture flasks (Greiner, Interpath). Prior to use in biochemical assays, ND15s were collected by centrifugation at 1500 ×g (5 min at RT) and washed in PBS. Cell counts were obtained using the Countess Automated Cell
Counter (Invitrogen, Australia). 
Transient Transfections
Detection of Total Protein Concentration
Determination of total cellular protein was carried out using the EZQ Protein Estimation Assay (Invitrogen, Australia) as previously described [9] .
SDS-PAGE and Immunoblotting
Nontransfected, wild type and mutant protein fractions (25 µg total protein) were subjected to SDS-PAGE on 12.5% resolving gels and transferred to PVDF membrane. The membranes were blocked with 5% skim milk in TBS buffer containing 0.1% Tween-20.
Whole membranes were blocked and incubated with anti-SPTLC1, anti-GAPDH, anti-ORP-150, anti-CLIC1, anti-RPS27a, anti-COTL1, anti-MTCO2, anti-GFP and antiKif2A antibodies respectively, at 1:1000 dilution, for 16 h. Membranes were washed and incubated with secondary HRP antibody (1:2000 dilution) for 1 h at RT. Blots were washed and developed using an enhanced chemiluminescence (ECL) detection kit (Pierce Thermo Scientific, USA). Membranes were developed on CL-Xposure Film (Thermo Fisher Scientific, USA) using an AGFA X-ray developer.
Immunofluorescence
Immunofluorescence was carried out as previously described [6] . Briefly, ND15 cells (1 × 
Flow Cytometry
FACS analyses were carried out as previously described [6] . ND15 cells were trans- 
Two Dimensional Gel Electrophoresis
Mass Spectrometry
The following selection criteria were applied for spot inclusion. Changes in mean normalised spot volume (the abundance of resolved protein species) had to be greater than a 1.0 fold difference between samples from wild type versus V144D, C133W and C133Y
mutants and be present in all replicate gels [11] [12] . Briefly, the protein species of interest were excised from gels and de-stained overnight. The gel pieces were then re- 
Calcium Imaging
Intracellular Localisation Analyses of SPTLC1 and Proteins within Transiently Transfected ND15 Cells
The intracellular localisation and abundance of the proteins SPTLC1, Kif2A, Cytochrome C, RPS27a, CLIC1, ORP-150, COTL1 and MTCO2 were established using immunostained nontransfected, wild type and mutant TT ND15 cells. There were no apparent changes in intracellular localisation of the SPTLC1 when transfected with GFP labelled SPTLC1, which was found localised to the perinuclear region where the ER resides ( Figure 3(a) ). Kif2A is a microtubule associated protein distributed evenly across the cytoskeleton [14] . Kif2A displayed consistent cytoskeletal pattern throughout the Cytochrome C is typically located within the mitochondrial inner membrane [15] .
Interestingly, Cytochrome C showed a more perinuclear clustering in the mutant cells compared to that of the nontransfected and wild type cells, where the proteins were found to be more evenly distributed throughout the periphery of the cells (Figure 3(c) ).
RPS27a is located within the cytoplasm and nucleoplasm of cells [16] . With these proteins being evenly distributed throughout the cells in the nontransfected and wild type and mutants indicating no clustering of ubiquinated proteins (Figure 3(d) ). CLIC1 exists in a soluble and membrane bound form, typically distributed evenly within the cells [17] . CLIC1 was localised in the cell periphery in the nontransfected, wild type and mutant cells (Figure 3(e) ). However the mutants displayed a larger localisation towards the perinuclear region, indicating that CLIC1 may be present more in the membrane form in the mutants.
ORP-150, a chaperon protein localised throughout the cell [18] , was found to be distributed throughout the wild type and mutant cells. ORP-150 was also found to be more abundant within the mutants compared to the nontransfected and wild type cells (Figure 3(f) ). COTL1 is a cytoskeletal associated protein interacting with the cytoskeleton [19] . COTL1 exhibited an even cytoskeletal pattern through all the cells. Interes- 
Resolution of Total Cellular Proteins Using 2D Gels from SPTLC1-Transfected ND15 Cells
Total isolated wild type and mutant ND15 proteins were resolved and quantitatively assessed using refined two dimensional gel electrophoresis (2DE) [10] [11]. The samples resolved covering the entire MW and pI range in triplicates ( Figure 5 
Alterations within the Intracellular Calcium Levels of V144D-, C133W-, C133Y-Transfected ND15 Cells Compared to that of Wild Type and Nontransfected Controls
Wild type and mutant ND15 cells were analysed for total intracellular calcium using the Rhod-3 Am calcium stain ( Figure 6 ). Cell images were analysed using ImageJ (NIH, USA) and corrected total cellular fluorescence was obtained. Analyses revealed a marked decrease in intracellular calcium in C133W and C133Y mutant cells. V144D mutant cells however, showed an increase in intracellular calcium when compared against basal levels determined in wild type and nontransfected (NT) cells (Figure 7 ). 
Discussion
Mutations in the SPTLC1 subunit are known to be causal in HSN-I. Molecular and cellular studies of cells over-expressing the SPTLC1 mutations have identified potential dysfunction in sphingolipid biosynthesis and metabolic activity [4] . This investigation correlates the previous findings from the lymphoblast cell model done in our group [6] [7] [8] [13] with a neuronal cell model. In addition to the V144D mutation, we have also investigated changes within the C133W and C133Y mutations causing HSN-I.
Ubiquinol cytochrome C reductase core protein 1 is a central component of the were significantly increased in the V144D TT ND15 cells. These findings correlated with results previously identified in the lymphoblast model [6] [7] . In addition, COTL1
was significantly increased in the C133W and C133Y mutation. ORP-150 and RPS27a
were found to be increased significantly in the C133Y mutation; however these proteins were increased in comparison to the wild type in C133W. FACS (Figure 4 It is evident that there is an increase in oxidative and ER stress within the cells containing HSN-I mutations. This is demonstrated by the increased expression of ORP-150, CLIC1, COTL1 and RPS27a. ORP-150 is an important molecular chaperone of the ER during stress [18] . CLIC1 is a redox-sensitive protein which usually exists in a soluble form in the cytoplasm but during times of stress undergoes structural changes and inserts into lipid membranes [17] . COTL1 is an actin binding partner with upregulation in response to stress upon the cytoskeletal system [19] . Taken together, these data strongly suggests that oxidative stress could be linked to increases in ubiquinol cytochrome C. Thus, an increase in ORP-150 potentially compensates and protects the cell from an increase in ROS production, causing a shift in CLIC1 expression and stabilisation of the cytoskeleton via COTL1. RPS27a is responsible for targeting misfolded proteins for destruction, with an apparent increase highlighting potential increases in misfolded proteins and protein aggregation due to oxidative stress [16] .
Further strengthening the connection between ER stress and HSN-I, peptidyl-prolyl cis-trans isomerase was found to be increased in abundance by 1.7 fold in the C133W mutant. This protein ensures newly synthesised proteins are folded into their correct conformation [21] . The 26 s proteasome is responsible for regulating the proteome through degradation of ubiquitin-tagged substrates [22] . 26 s proteasome regulatory subunit 8 was found to be increased in abundance by 1.7 fold in the V144D mutation [22] . The increase in abundance of these two proteins coupled with the increased expression of RPS27a and ORP-150 highlights the possible increased oxidative stress affecting protein folding conformation.
Conclusions
Calcium is an important signaling molecule involved in the regulation of many cellular functions. Mitochondrial calcium uptake has been shown to lead to free radical production, with a delicate balance existing between moderate ROS production to modulate physiological signaling and overproduction of ROS which can ultimately lead to oxidative and ER stress [23] [24] . Decreases in calcium are believed to be a cellular response to increased stress, serving as a mechanism to limit further damage and increase cell survival [24] . As part of this study, we examine the intracellular levels of calcium in wild type, V144D, C133W, and C133Y. Whilst intracellular calcium is decreased within C133W and C133Y, calcium within the V144D mutation is increased. Hence, is the increased level of calcium a correlation of ER stress and mitochondrial dysfunction occurring, and the result of the V144D-mutation being unable to reduce intracellular calcium to compensate and protect the cell? Could this difference give insight into how the three mutations differ, ultimately causing HSN-I? Further investigation into intracellular and mitochondrial calcium levels is required to delineate the differences within the three mutations.
This investigation has shown a correlation between previous studies, revealing an increase in a mitochondrial electron transport chain protein, increases in proteins induced by oxidative stress and changes in the intracellular calcium levels in all three SPTLC1 mutations causing HSN-I. These findings provide further evidence for mitochondrial and ER dysfunction occurring as a result of mutations in SPTLC1. These novel findings provide critical new directions in understanding the underlying molecular and cellular alterations broadly applicable (and specific) to all mutations causing HSN-I and neurodegenerations as a whole.
